Heterotopic tracheal transplants, placed subcutaneously in syngeneic rats have been extensively used in our laboratory. The objective of these experiments was to study the toxic and/or carcinogenic effect of several compounds on the respiratory tract mucosa. This was attained by exposing the transplants to an intraluminal pettet containing the toxicant or carcinogen mixed with an adequate matrix (gelatin, beeswax, stearyl alcohol, silastic, etc.). By varying the concentration of the test chemicals, it is possible to study dose-response relationships, and by changing the pellet matrix, the effects of release rate (dose rate) can be analyzed. Several end points can be studied, such as histological changes in the mucociliary epithelium, changes in mucus secretion, tumor induction and changes in the in vitro behavior of the epithelial cells after in vivo exposure. In addition, by de-epithelializing the tracheal transplants and reseeding them with another cell population, e.g., from previously treated cell cultures or from human specimens and transplanting them subcutaneously in nude mice, completely new vistas on the effect of chemicals can be opened.
Introduction
The direct application of toxicants and/or carcinogens to the respiratory tract epithelium by inhalation exposure, intratracheal injections or pellet implantation into the bronchus or lung has been frequently employed in toxicology and carcinogenesis studies (1) (2) (3) . Although each of these techniques offers some advantages, with the first two it is often difficult to determine the precise dose delivered to each segment of exposed airway mucosa. Furthermore, multiple exposures are usually required to obtain the desired effect, and several portions of the respiratory tract may be exposed to different doses of the test substance. The pellet implantation technique obviates these problems by exposing a circumscribed area of respiratory mucosa to a known quantity of test substance which diffuses out of the pellet, either into the bronchus or into the lung. This technique, on the other hand, is complicated and often impairs the normal respiratory function of the treated lung, not infrequently leading to premature death of the animals. A model, which has the advantages of the in loco pellet implantation technique and does not jeopardize the respiratory functions of the experimental *Biology Division, Oak Ridge National Laboratory, Oak Ridge, animal, was developed in our laboratory by transplanting subcutaneously tracheas obtained from syngeneic rats (4, 5) . Previous experiments by other investigators had shown that lung parenchyma as well as tracheas could be transplanted and exposed to carcinogens (6) (7) (8) (9) . Some of these early studies were successful in producing carcinomas after methylcholanthrene or dibenzanthracene exposure, and papillomas after diethylnitrosamine exposure. The approach used in our laboratory is to transplant tracheas subcutaneously and expose them only after the grafts have been fully established and revascularized. The use of several types of pelletmatrices has permitted the controlled release of varied total doses of test substances at a predetermined dose rate. The combined use of fully established and revascularized transplants and slow release pellet matrices has eliminated to a great extent, hyperacute toxic damage to the graft and surrounding tissues, as well as decreased the incidence of peritracheal sarcomas, which have been previously reported (9) .
Techniques
Since most of our own work, as well as the majority of the experiments published to date, has been carried out in rats, the following description of the transplantation techniques will deal mainly with the procedures using this species. Differences or variations in techniques when using other species will be mentioned when appropriate.
Donor Tracheas
Ten-to twelve-week-old inbred specific pathogen-free Fischer 344 rats are used as donors for tracheas. A wide anterior thoracotomy is performed under anaesthesia with either methoxyfluorane or sodium pentobarbital (Fig. 1) . After exposure of the anterior mediastinum under strict aseptic conditions, the trachea is separated from the surrounding tissues, and a polyethylene tubing (length 20 mm, outer diameter 5 mm) is sutured to one side of the trachea to preserve the original length of the organ. If this step is omitted, the trachea contracts to approximately one-half of its original length and tends to curl. The trachea is severed below the first tracheal ring and immediately above the carina. The laryngeal end of the trachea is tied up with a silk suture. The trachea is removed from the donor animal and placed in a Petri dish containing Hank's balanced salt solution with streptomycin and penicillin. The tracheas can be kept in this solution for several hours without any apparent loss in viability. Before transplantation, the other extreme of the trachea is closed with a silk suture. This step can be omitted without noticeable differences because after transplantation the open end will be closed by granulation tissue.
Recipient Animals
Rats of the same strain and age are used as recipients. They are anesthetized with methoxyfluorane, their A backs are shaved with electric clippers and cleansed with 5% peracetic acid solution in water, and an incision, 1 to 2 cm long near the midline, is made on the dorsum, parallel to the vertebral column between the scapulae. With blunt dissection, two subcutaneous pouches, one at each side of the incision, are carefully prepared to lodge the tracheal transplants, together with their supporting polyethylene tubing (Fig. 2) . In order to standardize the position of the tracheal transplant (tt), the transplant is so placed that the distal end points toward the head of the recipient animal. The wound is then closed with surgical clips and the animal with one tracheal transplant at each side of the dorsal midline is returned to its cage. For practical purposes, usually no more than two tracheas are transplanted per animal, but in some cases, more transplants per animal can be used with little inconvenience (10). This is not advisable if during a long-term study the tracheal transplants are likely to develop either tumors or extensive fibrosis, situations which interfere with the usually nonsynchronous processes taking place in the neighboring tracheas.
Similar techniques of syngeneic tracheal transplants have also been applied with another rat strain (10) and other species, i.e., hamsters (5, 11, 12) , dogs (13) (14) (15) , and mice (5, 16 
Technology of Pellet Production
The rate of release of the test agent from the pellets depends mainly on the nature of the pellet matrix. Materials for pellet matrices must meet the following criteria: should be nontoxic; should not interact with the carcinogen/toxicant; should be easily fabricated into solid cylindrical pellets (14 (19) . Invariably, an initial high release rate (burst effect) occurs (20) until the equilibrium is reached and the release takes place in a controlled fashion.
Lipid Matrices. Beeswax, stearyl alcohol and cholesterol have been employed in our laboratory for slow release of PAH and TPA. Relatively low-melting (up to 150°C) matrices containing the dissolved/dispersed agent can be fabricated most conveniently in the pellet maker (4) (Fig. 4) . The test agent and lipid substance is put into a glass scintillation vial and placed in the recess of an aluminum block which is heated on a thermostatically controlled electric heater. The block should be drilled for accommodating a thermometer to monitor the temperature. Heaters (Cole Palmer Instruments) equipped with immersion thermistor probes have been found satisfactory. These probes are placed in another cavity drilled in the block. Occasionally, it is difficult to push the pellets out of the mold by using the push pin. In suchi a situation, the mold should be reheated by placing in a water bath to a temperature which facilitates extrusion.
The pellet maker works best if the dispersed test agent does not show any tendency to settle. If settling occurs, the matrix is melted in a hot mortar and the agent is mixed with the matrix thoroughly, using the pestle and mortar and allowing it to cool until it solidifies. The mix is scraped out from the mortar and packed into a cylindrical mold of a sodium press (No. 1 Greenerd Arbor Press, Fisher Scientific Co.). This mold is fitted with a die with a 1.5 mm diameter orifice, through which the pellets can be extruded by manually driving a plunger fitted with a rack and pinion mechanism. The mold is warmed to a suitable temperature (below the melting point of the mix) and extruded out quickly. The extruded material is cut into proper lengths by using a channeled Teflon block very much like a carpenter's miter box.
Pellets Containing PAH. Controlled release of polycyclic hydrocarbons like benzo(a)pyrene (BaP), 7,12-dimethylbenz(a)anthracene (DMBA) from beeswax alone and from cholesterol-beeswax matrices has been reported earlier (17) . The presence of cholesterol in a beeswax-cholesterol matrix retards the release of PAH in direct proportion to the percentage of cholesterol present. The use of cholesterol of highest purity is essential, and commercially available highest purity cholesterol (Eastman Kodak) should be purifiecrfurther by the method of Fieser (21) and checked for purity by gas chromatography on a 3% SP-2250 column (Supelco).
We have recently found an undesirably high background in the epithelial focus (EF) assay (22, M. Terzaghi, unpublished data) as well as the induction of stratified metaplasias after exposing tracheal transplants to cholesterol. In addition, some cholesterol autoxidation products have been found to be mutagenic (23) . Stearyl alcohol has been found to be an acceptable substitute for cholesterol since it shows very low background in the EF assay. The release rates of DMBA from beeswax-stearyl alcohol (1:9) and beeswaxcholesterol (1:9) matrices are shown in Figure 5 . The use of beeswax is necessary as a binder, since pellets are extremely fragile and difficult to handle when made out of cholesterol or stearyl alcohol alone. A typical preparation of stearyl alcohol-beeswax DMBA pellets is described below.
Weighed amounts of DMBA (Eastman Kodak), purified by crystallization from ethanol as described previously (17) , and stearyl alcohol, and beeswax (purified by filtration through a steam-heated fritted glass funnel) are heated together in a scintillation vial placed in an aluminum block until a clear melt is formed (65°C). The hot melt is transferred into the well of the pellet maker heated to the same temperature and the matching half is placed on the well, forcing the melt to flow into the holes where, following rapid chilling, cylindrical pellets are formed. A copper block (7. 5 cm x 7.5 cm diameter) chilled in ice was found to be very convenient for cooling the pellet maker.
In order to directly assay the amount of DMBA in the pellets, a weighed aliquot of the pellet is dissolved in 10 mL of benzene in a capped scintillation counting vial placed in a shaker water bath at 37°C. The absorbance at 301 nm is read after appropriate dilution, and the concentration of the DMBA determined using a molar If a slower release rate is desired, DMBA may be absorbed on carbon particles and dispersed in the stearyl alcohol-beeswax (9:1) matrix and made into pellets using the sodium press. Carbon particles (Barnaby Chaney) are passed through sieve #200 and sieve #325 and the particles retained on the latter are used.
DMBA-carbon (1:9) is prepared as follows. Carbon particles (9.0 g) are added with stirring to a hot solution of DMBA (1.1 g) in acetone (160 mL) in a beaker. The acetone is allowed to evaporate in the hood at room temperature. All of the dried, caked mixture from the wall of the beaker is scraped down, and the side of the beaker rinsed with 3 mL acetone. The mixture is heated gently with constant stirring and scraping. After all of the acetone has evaporated, the mixture is heated to about 145°C, with continued scraping and stirring. The mixture becomes dry and powdery. The final product is cooled in a desiccator. To assay the amount of DMBA in the mixture, samples are extracted in a double thickness cellulose thimble (Whatman 1317-403) placed in a Soxhlet apparatus with benzene. Ultraviolet absorption spectrum measurements show that DMBA is not decomposed by this treatment and the absorption of DMBA into carbon is uniform. Weighed amounts of DMBAcarbon are mixed together with stearyl alcohol and beeswax using a hot mortar and pestle, transferred into the mold, heated to 58°C, and extruded into pellets using the sodium press. The uniformity of the pellets can be checked by assaying for DMBA content. A typical in vivo release rate of carbon-adsorbed DMBA from these pellets is shown in Figure 5 .
Pellets Containing 12-0-Tetradecanoylphorbol 13- Acetate (TPA). Beeswax can be used as a matrix and the TPA pellets can be conveniently made using the pellet maker. Since the molar extinction of TPA is low, it is advisable to use radioassay by incorporating [3H]TPA for quantitative determinations of TPA release. An aliquot can be counted directly in a toluene-based scintillation fluid. Figure 6 shows the release pattern from a beeswax pellet containing 100 ,ug TPA.
Water-Soluble and Degradable Matrices. Twelve percent aqueous gelatin has been successfully used as a vehicle for rapid release of poorly soluble particles and fibers, such as Ni3S2, asbestos, carbon particles and glass fibers. It has also been used for the rapid release (and in consequence for short, acute exposures) of PAH.
Using a warm pestle and mortar, the agent is mixed thoroughly with the gelatin solution and allowed to cool to room temperature while triturating until the mix solidifies. It (22, 35) . A series of techniques collectively referred to as the EF assay has been devised to quantitate in vitro the emergence of carcinogen-altered and neoplastic cell populations in vivo in tracheas exposed to carcinogen. A detailed protocol has been previously described (22) . Briefly, the EF assay entails the following sequential phases. Heterotopic tracheal transplants are exposed to PAH as described above. At for the capacity to grow in soft agarose. In this system, the capacity to grow in soft agarose has been found to be well correlated with the capacity of a cell population to yield tumors when inoculated IM into immunosuppressed rats (35, 36 (22, 37) .
Applications
Most studies employing the tracheal transplant model have dealt with the induction of neoplastic and preneoplastic lesions after in vivo exposure to polycyclic aromatic hydrocarbons. This model makes possible other studies in the field of toxicology and carcinogenesis. Some of the most recent applications are listed and briefly described below.
Early Effects of Toxicants and Carcinogens
The aim of these studies is to evaluate the toxic effects of several chemicals on the tracheal tissues (especially the epithelium) over an 8-week period. Most of the chemicals thus far evaluated in our laboratory were known or suspected carcinogens or closely related substances. Topping et al. (38) compared the acute effects of seven PAH on the tracheal epithelium by exposing the tracheal transplant with beeswax pellets containing 1 mg of pyrene (P), benzo(e)pyrene (BeP), anthracene (A), benz(a)anthracene (BaA), dibenz(ac)-anthracene (DBacA), benzo(a)pyrene (BaP) or dimethylbenz(a)anthracene (DMBA). The release of PAH from the pellets was determined by ultraviolet spectrophotometry at 3 days, 1, 2, 4 and 8 weeks. All PAHs were released continuously during the 8-week period. Approximately, 1 mg of PAH was released from the pellets containing P, BeP, BaP and A, whereas only approximately 500 ,ug was released after 8 weeks from the pellets containing the other PAHs. The toxic effects on the respiratory epithelium were evaluated by measuring the percentage of luminal surface occupied by normal, hyperplastic and metaplastic epithelia (Fig. 7) . Although all compounds proved to be toxic for the tracheal epithelium, the degree of alterations induced in the tracheal transplants was variable, (i.e., the potent carcinogens (BaP and DMBA) showing a maximum of early toxic effects and the noncarcinogens or weak carcinogens (BeP, A, P) inducing less severe changes or short duration. A similar study was undertaken in order to evaluate the effects of chrysotile A and crocidolite asbestos in gelatin pellets (39) . Both substances produced intense dose-dependent inflammatory reaction and epithelial alteration over a period of 4 weeks. The effect of crocidolite lasted somewhat longer than that of chrysotile A. Another carcinogen which induced extensive early toxic alterations was nickel subsulfide (40) . Other particulates have been tested in the same model in our laboratory, i.e., arsenic trioxide, glass fibers, and charcoal particles. All these induced a weak or no response (Klein-Szanto et al., unpublished data). Although there are many complicated and interacting factors involved, (e.g., dose, dose rate, schedule of administration, etc.), these experiments indicate that strong carcinogens are usually very irritant and inflammatogenic for the respiratory tract epithelium, and that weak or noncarcinogenic related substances tend to induce a lesser reaction.
Tumor Induction and Cancer Morphogenesis
The advantage of the tracheal transplant model, i.e., knowing the precise quantity of carcinogen delivered to the tracheal mucosa, the exact period of time during which the mucosa is exposed to the carcinogenic agent, and the uniformity of exposure of the whole organ, have been exploited in several carcinogenesis studies. Using rat tracheal transplants continuously exposed to varying amounts of benzo(a)pyrene or 7,12-dimethylbenz(a)-anthracene in beeswax pellets, investigators in our laboratory have detected a clear dose-dependency in the tumor induction capacities of these PAHs (41, 42) (Table  1) . Although more than 90% of the carcinogen is released in 4 weeks from beeswax pellets containing less than 200 ,ug DMBA, a clear decrease in the number of induced tumors was observed when pellets were removed after 4 weeks of exposure (43) . Only 20% of the tracheal transplants presented carcinomas, as opposed to approximately 60% when the DMBA containing pellet was left in for the whole duration of the experiment. These results are very similar to those obtained after a 4-week exposure to 200 ,ug DMBAcontaining pellets, followed by a continuous exposure to 100 ,ug TPA. In this latter case, in which a two-stage carcinogenesis protocol, similar to the one employed in skin carcinogenesis studies (44) was employed, the percentage of induced neoplasm was 70 (45) . From these experiments, it became obvious that the total time of exposure to PAH was at least as important as the total dose employed, and that a promotion-like effect elicited by either very small amounts of PAHs or by known promoters such as TPA or putative promoters like asbestos (46) is a probable pathogenic mechanism in respiratory carcinogenesis.
Using similar experimental conditions, we have extensively studied the morphogenesis of tracheal epithelial neoplasia, a detailed account of which is outside the scope of this chapter. The reader is referred to several recent reports on this subject (43, 47) . Briefly, the most interesting findings have been the reversibility of the early generalized toxic epithelial alterations induced by PAH (47) (Fig. 8) , and the later appearance of focal metaplastic-dysplastic lesions of varying degrees of atypia which usually precede the appearance of neoplasms ( Fig. 9 ) (43) . The number and degree of severity of these lesions also seems to be dose dependent. Of particular interest was the fact that many of the focal lesions regress after they reach a peak incidence, thus demonstrating that these lesions are not obligatory preneoplastic alterations.
Other studies have demonstrated a continuum of changes from the mildest to the more severe preneoplastic alterations. Quantitative techniques demonstrated increasing nucleus-cytoplasm ratios, 3H-thymidine labeling indices and number of dark epithelial cells, indicating increasing degrees of cell proliferation and altered cellular maturation (31) .
Other studies employing rat tracheal transplants have demonstrated the carcinogenic and promoting effects of asbestos (39, 46) , nickel subsulfide (40) and chromium carbonyl (10) . The carcinogenic effects of PAH have also been studied in hamsters (5, 11, 12) , mice (5, 16) and dogs (13) (14) (15) .
Repopulation of Tracheal Transplants with Isolated Cell Populations
It is often difficult to study the growth and differentiation of cultured or isolated normal or preneoplastic epithelial cells when transferred into an in vivo situation. Following subcutaneous or intramuscular inoculation they frequently do not survive and/or proliferate, thus making it difficult to retrieve them for morphologic evaluation. In order to be able to study sequential morphologic changes occurring in vivo in multiple aliquots derived from the same original cell population, we developed a technique which involves the "in vivo culture" of normal or preneoplastic cells on de-epitheliatized tracheal stroma. The de-epithelialized stroma provides those factors required for the survival and differentiation of normal and preneoplastic epithelial (PAS-Alcian Blue, pH 2.6, x 240.) cells which are apparently lacking in the intramuscular or subcutaneous environment. The procedures have been published in detail (36, 48 This in vivo culture system has also been further developed for purposes of investigating differences in the stromal requirements, for growth and differentiation in vivo, or normal and PAH altered cell populations (36) . For normal tracheal epithelial cell survival and maintenance of mucociliary differentiation in vivo, an intact but not necessarily viable stroma (tracheal, intestinal, esophageal, or bladder) is required. Preneoplastic and neoplastic cells will survive and differentiate in vivo on all substrates including, for example, dacron mesh which will not support normal cell growth and differentiation. the whole organ by repeated freeze-thawing (48 
FIGURE10
.Reconstitutedstratified squamous epithelium with mild atypia as seen three weeks after inoculation of a "preneoplastic" cellline~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ĩ nto denuded tracheas (Toluidine blue, Epon, x 380)~~~~~~~~~~~~~~37 new series of host animals. In this way, with each sequential in vivo passage of human epithelial cells a population amplification factor of 3 to 5 is achieved. This procedure can be repeated at least four times (49) . Preliminary experiments involving exposure ofreconstituted human respiratory epithelium to DMBA suggest that studies similar to those carried out with exposed rat tracheal epithelium can also be carried out with human respiratory epithelium (50) .
